Abstract: Ants can play a key role in the erosion processes on agriculture land by modifying soil properties and increasing macropore flow. Ants are abundant in organically-managed orchards in the Mediterranean region due to climate conditions, no-till practices, no pesticide use, and the resulting vegetation cover. In order to determine the effect of ants on soil and water losses from these orchards growing on moderately-sloped land (4-8%), forty 1.0 m 2 plots (20 with ants mounts and 20 without ants -controls) were established during the summer of 2007. A rainfall simulator was used to apply 78 mm of water to each plot over a one-hour period, equivalent to a 20-year return-period thunderstorm. Runoff was collected at 1-minute intervals and sediment concentration measured every 10 minutes. Sediment concentrations were 300% higher on plots with ant mounds, but runoff rates were similar to the plots without ants. Average soil erosion rates averaged 41 kg ha −1 h −1 on the ant plots and 13 kg ha −1 h −1 on the control plots. The low erosion rates are due to the effect of the vegetation and litter cover in this organically-managed soil, which were little impacted by ant activity at the pedon scale.
Introduction
Citrus orchards are widespread in the Mediterranean region, and have shown large increases in soil erosion rates during the last 30 years (Cerdà & Doerr 2005 . This increase was caused by the introduction of drip irrigation systems, which allowed the relocation of citrus orchards from the relatively flat, flood-irrigated alluvial plains and terraces to areas with steeper slopes. However, very little changes in the management practices that were used orchards on flat land (e.g. intense tillage and frequent pesticide and herbicide applications) occurred (Cerdà & Doerr 2007) . Field studies on agricultural land in Spain have shown that the use of heavy machinery and herbicides reduces soil porosity, and increases soil erosion and water loss (De Alba 1998; Cerdà 2001; Gómez et al. 2003 ). This is a major problem in eastern Spain, which produces two thirds of the Spanish orange crop, and is the world largest citrus exporter (Piqueras 2000) . However, the use of organic farming practices increases surface litter and plant cover, and can reduce soil losses when applied to citrus orchards .
Ants are an important invertebrate component of many orchard soils and are receiving increased attention, especially in pest control and ecosystem (Souza et al. 2008; Peng & Christian 2008; Stewart-Jones 2008; Ottonetti et al. 2008) . Ants play a key role in soil development and hydrology by mobilizing soil particles from deeper horizon to the surface during nest construction, which increases macropore volume in the soil profile and alters the soil surface properties. Macro pore formation and other changes in soil properties during ant nest construction increase water infiltration rates (Wang et al. 1996; Cammeraat et al. 2002) . These hydrological and pedological changes are key factors in soil formation and degradation (Risch & Cammeraat 2008) , especially under semiarid conditions where vegetation is scarce (Eldridge 1994) .
A previous study indicated that ant activity in heavily herbicide; intensively-managed citrus orchards can increase water infiltration rates and reduced runoff discharge. However, unconsolidated soil brought to the surface by ants could also increase the potential for soil erosion losses (Cerdà & Jurgensen 2008) . It is not known whether ants impact water infiltration and erosion in organically-managed, orchard soils. Therefore, a study was established to assess the effects of ants on water infiltration rates and mineral soil erosion in dripirrigated, organic citrus orchards. A rainfall simulator was used to avoid changes in soil moisture conditions that would occur if waiting for natural rainfall events, and to standardize the rainfall intensity used on different plots.
Material and methods
The study was conducted on a footslope of the Serra Grossa Range at the Municipality of Montesa in the southwest of the Valencia province in eastern Spain. The soil is a clay loam weathered from Jurassic and Cretaceous limestone parent material, with a surface Ap horizon over a Bt (clay) subsoil horizon. The surface soil is loamy sand with weak structure. Organic matter content is < 1%. Due to land levelling during the construction of the fields, slope angle is low, ranging from 4 to 8%.
Climatic conditions are typically Mediterranean, which are characterized by high temperatures in July and August, which reach mean daily values of 25
• C. The coldest months are January and February (10 • C on average) with unusual frost events. Mean annual rainfall is 500 mm with 52 days year −1 of rainy days. Extremely high rainfall intensities > 200 mm day −1 can occur in the region (Cerdà & Doerr 2007) . Mean annual potential evapotranspiration exceeds 1000 mm year −1 , which results in extremely dry, prolonged drought conditions during the summer season. Consequently, extreme rainfall events can trigger intense erosion in orchards planted on sloped soil. On average, rainfall in thunderstorms > 50 mm day −1 occurs every 5 years at this location.
The study site was a 2 ha orange orchard planted in 2006, and is part of a larger, organically-managed area established in 2002. Manure (20 Mg ha −1 y −1 ) was applied every winter, and no herbicides or pesticides have been used since then. Weeds in this orchard were mowed 4 times yearly, and a litter layer averaging 2 mm thick had developed since establishment. A survey of ant mounds conducted at the beginning of the study (July 2007) indicated current ant activity in this soil. Approximately 2% of the total soil surface in the orchard was covered with ants mounts, which ranged from 30 to 356 mm in diameter and 5 to 54 mm in height. These mounds are mostly built with red soil particles from Bt horizon, and are clearly distinguished from the dark organic litter and manure layer. Twenty 1.0 m 2 plots were established in areas with active ant nests, and twenty control plots were established within 2 meters of the ant plots in areas with no evidence of ant activity (see Table 1 ).
Simulated rainfall with deionized water at 78 mm h
was applied for one hour from a height of two meters, and runoff collected from a 0.25 m 2 subplot located in the centre of each plot. An intense, high rainfall simulation was selected, since previous research has shown that organic citrus orchards have a high infiltration capacity and produce little runoff (Cerdà & Doerr 2007; ). This simulated rainfall amount is equivalent to a 20 year returnperiod thunderstorm, which cause extensive surface erosion and runoff to the usually dry rivers in this Mediterranean region. Overland flow from the circular 0.25 m 2 subplots was measured at 1-minute intervals, and samples were collected every 5 minutes to determine the sediment concentration and calculate the soil erosion rates. Vegetation occurrence and ant mound coverage were measured using a 25 mm square frame placed randomly in each plot (100 points of measurement).
Surface runoff and sediment concentration, runoff coefficient (%), sediment yield (g L −1 ), and erosion rates (g m 2 h −1 ) were calculated. The nonparametric MannWhitney test (U) was used to determine differences in the measured and calculated parameters between the ant mound plots and the control ones (P < 0.05). More detailed information on rainfall characteristics, rainfall simulator layout, data treatment, and experimental design is given in Cerdà et al. (1997) .
Results
Ant mound, litter, and plant cover Mound area coverage in the ant plots averaged 30.5%, while the control plots were free of ant mounds (Table 1). Due to the deposition of mineral soil on the surface litter layer during ant mount building, litter coverage in the ant plots was ∼70%, as compared to 100% cover in the control plots (Fig. 1) . Vegetation cover was also lower in the ant plots due to mound material covering developing seedlings. The coefficient of variation for vegetation cover was similar for both ant and control plots.
Runoff yield
Runoff was low on plots with and without ant mounds due to the extensive vegetation and litter cover (Table 2). Even though rainfall amounts applied to each plot were high (18.5 l), total runoff per plot only ranged from 0.05 to 1.99 liters and never reached 2 liters for the combined total of the twenty plots in each group. No difference in runoff yield was found between the ant plots and their controls. Runoff coefficients were lower than 10% in every plot, and were less than 5% on eleven ant plots and fourteen control plots. No significant differences were found between the runoff discharge between ant and control plots.
Sediment yield and erosion rates
Runoff sediment concentration indicates soil erodibility. The presence of ant mounds increased sediment concentration (0.4 to 3.0 g L −1 ), as compared to 0.14 to 0.65 g L −1 on the control plots (Table 3) . Average sediment yield was also higher on the ants plots (1.04 g), and it was significantly different from the control (0.31 g) due to high variability among ant plots. Similar results were found with soil erosion (Table 4) . Average soil erosion rates were over three times higher on the ant plots than on the plots without ants, but this large rate difference was not statistically significant. As seen with sediment yield, erosion rates were more variable on the ant plots (Vc = 125%) than in the control plots (Vc = 60%).
Discussion
Previous research has shown that ants can affect soil physical properties, and as a consequence, impact soil runoff and erosion processes (Cammeraat et al. 2002; Cammeraat & Risch 2008; Risch & Jurgensen 2008) . The majority of these studies were conducted on forest soils (Czerwinski et al. 1971; Dean et al. 1997; Briese 1982; Petal 1980; Culver & Beattie 1983; Whitford & Di Marco 1995) , where soil erosion is very low and runoff is due to soil saturation or subsurface flow (Hewlett & Hibbert 1967; Kirkby 1978) . In contrast, little is known about the effect of ants on agricultural soils, where erosion and water losses are higher (Boardman et al. 1990; ). Few studies have been conducted on ants in agricultural soil (Díaz, 1991; Lobry de Bruyn, 1994) , and very little is known on how ants affect soil erosion and hydrology. A previous study by Cerdà & Jurgensen (2008) indicated that ants can be an important factor on soil erosion processes and rates on agricultural land, where plant Díaz et al. 1988; Cerdà 1999) . After a literature overview, Aalders et al. (1989) concluded that ants would decrease erosion in soils that have more plant cover. However, the relative importance of ants in reducing erosion on soils with extensive plant cover was not known as little empirical research has been done. Organic farming is becoming more important in the Mediterranean Region due to environmental awareness and economic concerns. Inputs of manure, compost, and pruned branches on organically-managed citrus orchards have been shown to increase plant cover and ant abundance. These orchards also have very high water infiltration rates and negligible runoff ) although intense thunderstorms can produce surface wash, rilling, and gullying. The results of our study showed that these very high infiltration rates were not affected by ant burrowing and nesting. However, ants did increase runoff sediment concentration by bringing fresh soil to the surface during nest building, which was transported during our heavy simulated rainfall. When rainfall conditions are such that ant nests become saturated and water infiltration is reduced, the redistribution of this unconsolidated ant mound soil would likely increase. This occurred in two of our twenty ant plots, which had erosion rates that were greater than their ant-free controls.
In summary, our study carried out in a citrus orchard under organic farm management has shown that ants bring fresh soil from deeper horizons to the soil surface, which is then redistributed by rain-splash, wind and overland flow. While unconsolidated soil in ant mounds increased sediment concentration and would contribute to higher soil erodibility, there was little movement of this material due to the high soil infiltration rates in this organically-managed soil, even during the intense thunderstorm simulated in our study. However, the slopes in our study plots were < 10%, and this pattern may not hold in steeper orchard soils.
This study has shown that mound-building by ants on the soil surface increased sediment concentration in an organically-managed citrus orchard soil when simulated rainfall was applied at a rate equivalent to a high intensity thunderstorm with a 20 year-return period. However, ants had little effect on total runoff and soil erosion rates. The addition of organic amendments to this orchard soil promoted high water infiltration rates, and ant activity had little effect on these rates. However, the slopes in our study plots were > 10%, and this ant impact pattern may not hold in steeper orchard soils, where the sediment redistribution can be more efficient.
